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USE OF CRYOELECTRONICS TO REDUCE POWER LOSSES
C.J. Hawley*, D. Cuiuri** and S. Gower*
*School of Electrical, Computer and Telecommunications Engineering,
University of Wollongong
**Faculty of Engineering, University of Wollongong
Abstract
The operational characteristics of power electronics operating at ambient temperatures are well known.
Less well known are the characteristics of these devices when operating at cryogenic temperatures.
This emerging field is known as cryoelectronics. The primary driver for operation at reduced
temperatures is the promise of a resultant reduction in device operation losses.
The operating characteristics of Metal Oxide Silicon Field Effect Transistors (MOSFETs) and
Insulated Gate Bipolar Transistors (IGBTs) at Liquid Nitrogen (LN) temperature have been
experimentally analysed. The results have been used to evaluate the viability of using cryoelectronics
in medium - high power applications, considering trade-offs between device costs, cryocooler power
requirements and device power ratings.
1.

INTRODUCTION

To date, the majority of work undertaken at
cryogenic temperatures to reduce device
conduction losses has been done with MOSFETs
designed for low power applications. Some
work has been done on IGBTs, but the results
varied from device to device and were not
conclusive. For high power applications where
the devices are required to switch upwards of
300A and 1200V, advances in switching
technology have presented two possible solutions
for switching the necessary high currents and
voltages at low temperatures.
The first of these is the use of paralleled
MOSFETs. It has already been demonstrated
that when cooled to LN temperatures (77K),
MOSFETs not only show a large drop in onresistance but also a proportional drop in
breakdown voltage (VBD) [4]. Until recently,
companies had not developed high voltage
MOSFETs. This has now changed and devices
that conduct 75A of current at a rated voltage of
1700V are now readily available.
If the
reduction in VBD is within acceptable levels then
paralleling such devices may be one viable
solution for high power applications.

A second solution is to use IGBTs. IGBTs are
specifically designed for large power
applications, and where MOSFETs would be
paralleled to satisfy the current rating, only a
single IGBT device would be required. Past
work on cooling IGBTs to cryogenic
temperatures has shown that some devices
exhibited reduced conduction losses whilst
others would not work below certain
temperatures – typically 120K [5]. Development
of the Non Punch Through (NPT) technology in
IGBTs has produced devices that are capable of
operating at cryogenic temperatures down to 5K.
Experimentation into whether or not the cooling
of these devices results in a substantial drop in
power loss has not been extensive.
In this paper, operating characteristics including
VBD and forward on-state voltage (Von) of
various MOSFET and IGBT devices at
cryogenic temperatures will be presented and
discussed. The results will then be used to
determine the practicality of high power
cryoelectronics by analysing the heat transfer
trade-offs that apply.

2.

BACKGROUND

2.1

Device Operation

MOSFETs have been used in power switching
applications since the early 1980’s and owe their
popularity mainly to their low on-resistance and
fast switching capability, at least for devices with
low voltage ratings [1]. However MOSFETs
with higher voltage ratings exhibit progressively
larger on-resistance and are not able to carry
large current loads, making them more suitable
for low current or high frequency applications.
MOSFETs have a very simple gate drive
requirement (10 – 12V signal from source to
gate) and they also exhibit a positive temperature
coefficient. These factors make MOSFETs very
simple to control, and also means that they are
easy to parallel to handle higher load currents
[1]. The positive temperature coefficient means
that as the temperature of the device rises so does
the on-state resistance. So if several devices are
paralleled and one begins to draw more current,
the device will heat up and its resistance will
increase which will cause the current to
redistribute amongst the other devices. This is
known as a thermal stabilisation effect [1].

lower conduction losses at devices rated above
1200V [1].
This paper refers to the use of cryoelectronics in
low frequency switching applications. In these
applications the major loss component is in the
conduction losses, not switching losses. Hence,
the emphasis on the steady state performance of
the devices.
2.2

Cryogenic Operation

The positive temperature coefficient of
MOSFETs is the feature that has stimulated
interest in operating these devices at cryogenic
temperatures.
The positive temperature
coefficient results in significantly reduced
conduction losses at decreased temperatures.
There has already been a large amount of
experimentation done on measuring the onresistance of MOSFETs in cryogenic
temperatures, with positive results. The graph in
Figure 1 shows an order of magnitude reduction
in on-resistance when the APT6018LNR
MOSFET is placed in LN [2].

The IGBT combines the higher voltage capacity
of the Bipolar Junction Transistor (BJT) with the
low current drive requirements of the MOSFET.
Switching speeds of the IGBT typically lie
between those of BJTs and MOSFETs. At high
voltage ratings, IGBTs exhibit lower conduction
losses than MOSFETs and have gate
characteristics similar those of MOSFETs [1].
IGBTs are controlled in the same way as a
MOSFET except that a higher gate drive voltage
(usually 15V) is required to ensure full
saturation. However, the Punch Through (PT)
technology IGBTs have a negative temperature
coefficient, and therefore are not as easily
paralleled. There is no thermal stabilisation so
emitter resistors are required to guarantee a
minimum safe level of current sharing [1].
Newer NPT devices have been designed to
reduce the beta of the BJT region and hence
make them more suitable for high blocking
voltage applications [1]. Also the devices often
tend to exhibit a positive temperature coefficient.
Hence PT devices have lower conduction losses
at device ratings below 1200V, whilst the NPT
devices are less likely to avalanche and have

Figure 1. On-resistance of a power MOSFET as
a function of current at 300K and at 77K [2].
While there are gains in the on-state performance
at cryogenic temperatures, the VBD rating of
MOSFETs is reduced. This is due to an increase
in the ionisation impact rate as the carrier
mobility increases and so voltage avalanche is
reached at a much lower value [3]. Again this
has been proven to be true through
experimentation as shown in Figure 2, the graph
represents the VBD of a 41XTH12N95 MOSFET
with reference to temperature [4].

room temperature (RT) then will decrease with
temperature and at some point the coefficient can
become negative [5].
In a similar way to a MOSFET, the VBD of an
IGBT is expected to fall with temperature as is
shown in Figure 4 [5].

Figure 2. VBD of a 41XTH12N95 MOSFET as a
function of temperature [4].
The use of IGBTs at cryogenic temperatures is
by comparison far less prevalent. This is mainly
due to the negative temperature coefficient of the
PT devices, which means that the Von will
increase as the temperature decreases. Further it
is found that at a certain point the devices simply
stop conducting due to carrier freeze-out, this
temperature typically varies from 30-125K [5].
However, since the development of NPT IGBTs,
operation at cryogenic temperatures down to 3K
has become possible. Figure 3 shows a graph of
the Von of various IGBTs varying with
temperature [5].

Figure 4. VBD of a BSM300GA120D IGBT as a
function of temperature [5].
3.

EXPERIMENTATION

3.1

Von Testing

The first device characteristic to be tested was
the Von. A range if 6 devices (4 IGBTs and 2
MOSFETs) were chosen to give a representative
range of results from different suppliers. The
ratings of these devices are shown in Table 1.
Device

Figure 3. Von of IGBTs as a function of
temperature [5].
The BSM300GA120D is the only NPT device
used in the experiment. It can be seen that all the
other devices stop working at a certain point, but
the NPT device measures a down to the lowest
temperature used in the experiment, 5.6K.
Also the temperature coefficient of the NPT
devices is not always negative, it can vary with
temperature. The coefficient may be positive at

Manufacturer

VBD

ICmax

SGP30N60
Infineon
600V 30A
IGBT – NPT
BUP314
Siemens
1200V 52A
IGBT – NPT
IRG4PC40W
International
600V 40A
IGBT – PT
Rectifier
HGTG12N60A4D
Intersil
600V 54A
IGBT – PT
IRFP460LC
International
500V 20A
MOSFET
Rectifier
IXTH24N50
IXYS
500V 24A
MOSFET
1N5388B
ON
200V
Zener Diode
Semiconductor
Table 1. Parameters of devices used in testing.
Each device was tested in turn using the
experimental configuration shown in Figure 5.
The gate drive was left on and the current supply
was controlled by a pulse generator that pulsed

the current long enough for the Nicolet 490 CRO
to capture the steady state maximum Von across
the Device Under Test (DUT). The power
supply used was a modified 900A 45V DC
welding supply, fitted with a fast current
controller to reduce the current overshoot.

saturation for a range of currents up to the
maximum rating.
A set of graphs was obtained showing the
variation in Von when in air and in LN, and are
represented in Figures 7, 8 and 9.
Variation of Vce in NPT IGBTs

4

Figure 5. Experiment configuration for Von tests.
3.2

Vce Forward Voltage (Volts)
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VBD Testing
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SGP30N60 RT(300K)
BUP314 LN(77K)
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The second set of tests done on the devices was
to measure the VBD. VBD was defined to be the
point where the device would either be destroyed
or begin to avalanche.
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Figure 7. Von of NPT IGBTs as a function of
temperature.

The experimental set-up is shown in Figure 6.
An increasing DC voltage was applied across the
DUT, with a current-limiting resistance in series,
until the device began to avalanche.

Variation of Vce in PT IGBTs
4.5
4

Vce Forward Voltage (Volts)
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3
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1

Figure 6. Experiment set-up for VBD tests.
4.

RESULTS AND DISCUSSION

4.1

Variation in Von

Each device was first tested in air, then in LN,
then again in air to observe any degradation of
the device. The Von was measured at full

HGTG12N60A4D RT(300K)
IRG4PC40W RT(300K)
HGTG12N60A4D LN(77K)
IRG4PC40W LN(77K)
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Figure 8. Von of PT IGBTs as a function of
temperature.
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The recorded VBD are shown in Table 2. It was
found that at these voltages, the voltage would
limit as the device avalanched. Usually the
voltage would not drop to zero, but would
oscillate as the device repetitively avalanched
until the applied DC voltage was reduced.

Variation of Vce in MOSFETs
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IXTH24N50 LN(77K)
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Figure 9. Von of MOSFETs as a function of
temperature.
As expected the MOSFETs showed a decrease in
Von by up to an order of magnitude when placed
in LN. The IGBTs, whether NPT or PT,
generally showed an increase in Von. This did at
some points change depending on the conduction
current. The diode was not extensively tested for
forward voltage variations, but rather was tested
in the VBD experiments.
The tests were also conducted on some larger
devices; a SKM75GB123D 75A/1200V IGBT
and a SKM248F 20A/800V MOSFET, both
manufactured by Semikron. Both of these
devices were destroyed as soon as they were
placed in LN. The reason for the failures has not
been determined. It is suspected that the case
construction of these larger devices is not suited
to rapid changes in temperature.
4.2

Variation in VBD

The VBD was tested on all devices first in air and
then again in LN, using the test set-up described
in Section 3.3.
Device
VBD (300K)
VBD (77K)
SGP30N60
761
554
BUP314
1390
1090
IRG4PC40W
678
516
HGTG12N60A4D
628
529
IRFP460LC
551
422
IXTH24N50
524
412
1N5388B
192
155
Table 2. VBD at RT and in LN for devices.

Figure 10. Voltage waveform of SGP30N60
when avalanche occurs.
It can be seen that generally the all the devices
had a VBD reduction of approximately 20-25%.
This is true even for a zener diode (1N5388B).
When safety and tolerance factors are included,
this means that the VBD of the device would need
to be rated significantly higher for operation at
low temperatures than is required at RT.
4.3

Cryogenic Power Efficiency

One of the aims of this paper is to address the
efficiency of using the devices in LN, to
determine whether the power saved compensates
for the power required by the cryocooler, and
whether or not the flow rate of LN needed to
stabilise the device temperature is reasonable or
not.
The power savings in the IGBTs tested were at
best minimal, hence these calculations will be
based on the IXTH24N50 MOSFET operating at
20A, close to its rated current.
At 300K the loss is 20W (J/s) and in LN it is
9.52W, giving a saving of 10.48W.
First the flow rate of LN required to carry the
heat away form the device can be calculated
using the following thermodynamic equations.
Q −W = 0 ,

m × C p (T2 − T1 ) − W = 0 …..……(1) [6]

Where; m = Required mass flow rate (kg/s)
Cp= 1.004kJ/kgK Specific heat of LN

T2 = Final or desired temperature of
cooling medium (K)
T1 = 77K, Initial temperature of cooling
medium (K)
W = 0, No external work is added to the
system
Q = Heat source in the system (power
lost by the device) (W) [6].
In practice cryostats used to hold LN are very
well insulated, and therefore heat losses are
neglected. In addition, there is no work induced
into system and W=0. By rearranging above
equation (1), the LN flow rate depends on final
temperature T2 and Q.
m=

Q
………….…(2) [6]
C p × (T2 − T1 )

Hence, for Q = 9.52W and T2 = 80K, m= 3ml/s.
This value is small enough to be of no practical
concern.
The other major factor that determines the
efficiency of operating the devices at 77K is the
wall power required to maintain the temperature
for various power ratings [7]. For a device loss
of less than 1000W, the wall power required and
the efficiency of the energy transfer can be
calculated using the following equations.
E = 68.3 × 10 -3 Q + 2.11
…………(3) [7]
Q
Qin = x100
E

such devices in high power applications, due to
the need to over rate them.
The reduction in loss in MOSFETs was
compared to the power required to maintain the
temperature. It was determined that the reduction
in conduction loss was insignificant compared to
the wall power required by the cryocooler to
compensate for the heat loss. An efficiency
rating of 2-7% suggests that any other benefits or
minor savings to power loss gained by operating
the device at LN, at this power range is not
sufficient.
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Where; Qin = Wall Power Required (W)
E = Efficiency (%)
From these equations, to compensate for the
9.52W lost by the device the system would be
required to input 372.7W of power at the wall.
This is very large when compared to the 10.48W
that were saved by cryocooling the device.
5.

CONCLUSION

It has been confirmed that IGBTs, whether NPT
or PT do not show a significant reduction in
power loss when operating in LN, however
MOSFETs do show some improvement. It has
also been confirmed that both devices show
significant reduction in VBD. This would reduce
the practicality and increase the cost of using

